Kisspeptins are key players in the neuroendocrine control of puberty and other reproductive processes in mammals. Several studies have demonstrated that the KISS/GPR54 system is expressed by gonadotrophs, but in vitro studies assessing the direct stimulatory effects of kisspeptin on gonadotropin secretion in the pituitary have provided conflicting results. In this study, we investigated whether kisspeptin directly influences the reproductive function of sea bass pituitary. First, the highly active peptides Kiss1-15 and Kiss2-12 were used to stimulate dispersed sea bass pituitary cells obtained from mature males. Our results show that, first, Kiss2-12 induced luteinizing hormone (Lh) and follicle-stimulating hormone (Fsh) release, whereas Kiss1-15 had no effect on gonadotropin secretion at full spermiation stage. Second, the distribution and nature of Kiss2 and its potential interactions with the gonadotropin-releasing hormone 1 (Gnrh1) system in the pituitary were analyzed using dual fluorescence immunohistochemistry. Kiss2 cells were found in the proximal pars distalis and colocalized with gonadotropinimmunoreactive cells. In summary, our results provide, for the first time in a teleost species, functional and neuroanatomical evidence that Kiss2 may act through different routes to directly modulate the activity of gonadotrophs, either as a hypophysiotropic neuropeptide or as an autocrine/paracrine factor.
INTRODUCTION
Kisspeptins are encoded by the KISS1 gene and were identified as ligands of the orphan G protein-coupled membrane receptor, GPR54 (KISS1R) [1] [2] [3] [4] . The importance of the kisspeptin system in the reproductive function was first discovered by the observation that inactivating mutations of GPR54 generated some forms of hypogonadotropic hypogonadism in humans and rodents [5] [6] [7] . Since then, different studies in mammals have demonstrated that the hypothalamus represents the primary site of action of kisspeptins on the reproductive function, acting at the level of gonadotropinreleasing hormone (GnRH) neurons. Along these same lines, it has been shown that central injection of kisspeptin in mice induces gonadotropin secretion, which is blocked in animals pretreated with acyline, a potent GnRH antagonist [8] . In addition, other studies in rats showed that GnRH neurons coexpress Gpr54 mRNA [9] , whereas kisspeptin neurons were found in close association with GnRH neuronal cell bodies and fibers [10] . In mammals, however, KISS1 and GPR54 mRNAs are distributed not only in the brain but also in the placenta [2] , pancreas [11] , gonads [12, 13] , and pituitary [2, 3, 14] .
A few studies have been conducted of the presence of the KISS/GPR54 system in the pituitary gland. One such study of ovine pituitary cells demonstrated that GPR54 is expressed in fractions enriched in gonadotrophs [15] , whereas another study performed with specific antibodies showed that KISS1 and GPR54 are present in rat gonadotrophs [16] . On the other hand, several studies in mammalian species demonstrated that treatment with kisspeptin can stimulate luteinizing hormone (LH) release in primary pituitary cultures. Thus, kisspeptin is known to have direct effects on the pituitaries of peripubertal male and female rats [14] and regulates gonadotropic and somatotropic function in primary pituitary cell cultures prepared from female baboons [17] . All these observations suggest that kisspeptin may act at various levels of the reproductive axis. While the hypothalamus represents the primary site of kisspeptin action on reproductive function, the possibility of additional actions of kisspeptin at the pituitary level has been clearly demonstrated.
Only one functional KISS1 and GPR54 gene is present in the genomes of placental mammals, but in teleosts, two distinct genes encoding kisspeptins (kiss1 and kiss2) and their cognate receptors (grp54-1b and gpr54-2b) exist [18] . However, a kiss2-like gene has been recently found in the genome databases of primates including humans. Therefore, it has been proposed that during vertebrate evolution a functional kiss2 gene was kept in fish and some reptilians, while a mutated copy remained in the genomes of primates and crocodilians, and the gene was lost in birds [19] . The deduced sequences for fish kisspeptin decapeptides, namely Kiss1-10 and Kiss2-10, were initially thought to be the minimum functional peptides [20, 21] , on the basis of experience with the Kiss1-10 peptide in mammals [8, 22] . However, Lee et al. [23] observed that a basic amino acid is present two residues upstream from the putative Kiss2-10 peptide that would produce a mature Kiss2-12 peptide, in which the C-terminal Phe can be amidated. In fact, it was possible to isolate this Kiss2-12 peptide from the brain of Xenopus laevis, thus confirming its existence. Similarly, fish Kiss1 precursors have a conserved dibasic amino acid followed by the conserved Gln four residues upstream from the putative Kiss1-10 peptide, indicating the existence of a putative cleavage site that would produce a mature peptide of 15 amino acids containing Nterminal pyroglutamylation and C-terminal Tyr amidation. These longer kisspeptin forms (Kiss1-15 and Kiss2-12) are more bioactive than the corresponding decapeptides in sea bass and zebrafish [24, 25] .
The presence of the kisspeptin/Gpr54 system in the pituitary of several teleost species [26] [27] [28] suggests that this system can also exert a direct action at the pituitary level in fish. The direct effect of kisspeptins on pituitary cells has been evaluated in a few studies of teleost fish, using in vitro primary culture. An initial study reported that neither Kiss1-10 nor Kiss2-10 could elicit Lh release from a primary culture of goldfish pituitary cells, suggesting that neither peptide exerts its actions at the pituitary level [29] . However, two other studies in the same species showed that Kiss1 can act directly in the pituitary to promote Lh secretion [30, 31] . Moreover, luteinizing hormone beta-subunit (lhb) mRNA levels were up-regulated by longterm treatment (24 h) with Kiss1-10 [30] . On the other hand, human/lamprey Kiss1-10 had an exclusive direct inhibitory effect on pituitary lhb expression in European eels [32] . Altogether, these data show that the direct effects of kisspeptins in fish pituitary remain controversial.
The present study aims to clarify the role of the kisspeptin system in the pituitary with regard to the main hypophyseal hormones associated with reproduction in a marine teleost model, the European sea bass. We hypothesized that kisspeptin signaling may play a role in the regulation of gonadotropic function. To test this hypothesis, we analyzed the direct effects of Kiss1-15 and Kiss2-12 on the release of the gonadotropins Lh and follicle-stimulating hormone (Fsh) from a primary culture of sea bass pituitary cells. At the same time, the localization and nature of Kiss2 cells in sea bass pituitary and their interactions with Gnrh1 fibers was studied by immunohistochemistry (IHC). Finally, we examined the interaction of both Kiss peptides with exogenously applied LHRH analog (LHRHa [D-Ala6, Pro9Net]-mGnRHa) and sex steroids on gonadotropin release and the effect of the hormonal milieu of the cells on kisspeptin coding transcripts.
MATERIALS AND METHODS

Animals
Male European sea bass (Dicentrarchus labrax) were obtained from stock raised at the Instituto de Acuicultura de Torre la Sal (IATS) facility. Fish were anesthetized with an overdose of 2-phenoxyethanol (Merck Schuchardt OHG) and euthanized by decapitation in accordance with Spanish royal decree (53/ 2013) and European legislation (2010/63/EU) for the protection of animals used for experimentation. The protocol used to euthanize the animals was approved by the Welfare Committee of the IATS (register number 09-0201), under the supervision of the Ministry of the Rural and Marine Environment. All steps were taken to reduce the suffering of the animals.
Double Immunohistochemical Detection
Two-year-old male sea bass were euthanized in August (immature testis, stage I [33] ; gonadosomatic index (GSI) ¼ 0.05 6 0.01) and in February (full spermiation; stage V [33] ; GSI ¼ 3.21 6 0.15). Animals were transcardially perfused, using a peristaltic pump with 50 ml of physiological saline solution (0.65% NaCl) and the same volume of fixative solution (4% paraformaldehyde [PAF], 0.1 M phosphate buffer, pH 7.4, and 1% picric acid). After perfusion, the pituitaries were removed, postfixed overnight in the same fixative solution at 48C, dehydrated, embedded in paraffin, and cut transversally into 6-lm sections. These sections were then mounted on poly-L-lysine-coated slides and stored at 48C until analysis.
Four homologous and validated antibodies against sea bass, Kiss2, Lhb, follicle-stimulating hormone beta-subunit (Fshb), and Gnrh1 [34] [35] [36] [37] (Supplemental Table S1 ; Supplemental Data are available online at www.biolreprod. org), were used for immunofluorescence detection and colocalization studies. Gnrh1 antibody was produced in guinea pig against the Gnrh-associated peptide (GAP) fragment of sea bass preproGnrh1. The other three antisera were generated in rabbit.
Double IHC with anti-Kiss2 and anti-Gnrh1 antibodies was performed as follows. Sections were deparaffinized, rehydrated, and treated for antigen retrieval with Tris-HCl buffer (Tris-HCl 50 mM, pH 9.5) for 20 min at 958C. Afterward, slides were blocked for 1 h at room temperature (RT) in phosphatebuffered saline containing blocking reagent (0.5% non-fat dry milk and 3% normal goat serum) and incubated overnight at RT with the two primary antibodies (rabbit anti-Kiss2, 1:200 dilution; guinea pig anti-Gnrh1, 1:500 dilution). On the second day, sections were washed and incubated for 2 h at RT with the 2 secondary antibodies (Alexa 488 goat anti-guinea pig and Alexa 594 goat anti-rabbit; 1:300 dilution; Life Technologies, Molecular Probes).
For colocalization studies using two rabbit-derived primary antibodies, a double-immunofluorescence method for primary antibodies from the same donor species was performed according to the procedure described by Kroeber et al. [38] , with some modifications. After slides were treated and blocked as described above, sections were incubated overnight at RT with the first primary antibody (rabbit anti-Kiss2, 1:200 dilution). In parallel, the second primary antibody (rabbit anti-Lhb or anti-Fshb, 1:1000 dilution) and the second secondary antibody (Alexa 594 goat anti-rabbit; Life Technologies, Molecular Probes; 1:500 dilution) were mixed together and incubated in a low-protein binding tube (Eppendorf AG) overnight at 48C. The specificity of the IHC procedure and lack of cross-reaction of the second secondary antibody with the first primary antibody (anti-Kiss2) were tested in negative controls in which the second primary antibodies (anti-Lhb or anti-Fshb) were omitted from the incubation. On the second day, sections were washed and incubated for 2 h at RT with the first secondary antibody (Alexa 488 goat anti-rabbit, 1:300 dilution; Life Technologies, Molecular Probes). Sections were then washed and preincubated with 5% (v/v) preimmune rabbit serum for 1 h at RT to block binding of the second primary antibody (rabbit anti-Lhb or anti-Fshb) to free binding sites of the first secondary antibody (Alexa 488 goat anti-rabbit). Finally, after postfixation in 4% PAF for 15 min, sections were washed and incubated overnight at RT with the preformed complexes consisting of second primary (rabbit anti-Lhb or anti-Fshb) and second secondary (Alexa 594 goat anti-rabbit) antibodies. Before distribution onto the slides, the tubes with the preformed antibody complexes were incubated with 1% (v/v) preimmune rabbit serum for 1 h at RT to quench free binding sites of the second secondary antibody (Alexa 594 goat anti-rabbit). Finally, nuclear staining was performed by incubation in Hoechst dye, and slides were coverslipped with Prolong Gold antifade reagent (Life Technologies).
Slides were observed using a FluoView FV1000 confocal laser-scanning microscope (Olympus). To avoid simultaneous excitation of the fluorophores and possible overlap, images were obtained by sequential scan mode with three different monochromatic lasers lines of 405, 488, and 594 nm to observe 4 0 ,6-diamidino-2-phenylindole (DAPI), Alexa 488, and Alexa 594 fluorophores, respectively. Images were processed with FV10-ASW FluoView software (Olympus). Colocalization was assessed by examination of double-labeled cells in merged images. In addition, a pixel fluorogram was generated for those images from IHC where two rabbit-derived primary antibodies were used. Plates were assembled using Photoshop CS4 (Adobe Systems), with no alteration except for light and contrast adjustments.
Primary Culture
Five-year-old male sea bass were euthanized in February (GSI ¼ 2.9 6 0.25), corresponding to the full spermiation stage (stage V) [33] . On the day of the experiment, the pituitaries were quickly extracted and placed in ice-cold dispersion medium (L-15 with Hanks balanced salt solution (Sigma), 25 mM Hepes, 0.5% bovine serum albumin, 100 units/ml penicillin, 100 lg/ml streptomycin, pH 7.4). All pituitaries (n ¼ 7-10) were washed with dispersion medium at RT and sliced with a scalpel blade into 1-mm 3 fragments. Pituitary cells were dispersed using a trypsin digestion method developed by Cerdá-Reverter et al. [39] , with some modifications. Briefly, cells were enzymatically dispersed using trypsin/DNase II digestion in which fragments were exposed to 0.33% trypsin solution (2.5% trypsin [103 liquid]; product no. 15090-046; Gibco) for 45 min at RT. After trypsinization, the supernatant was removed, and trypsin activity was inhibited with 10% fetal bovine serum. Finally, pituitary cells were treated with 0.01 mg/ml DNase II (Sigma) for 10 min at RT. Following enzymatic treatment, fragments were vigorously pipetted, favoring mechanical dispersion. Dispersed cells were filtered through a 100-lm-pore filter. Cells were harvested by centrifugation at 500 3 g for 10 min and resuspended in 5 ml of dispersion medium containing only 0.1% bovine serum albumin. The number of viable cells was counted using a microscope after Trypan blue staining (!98% of viability). Dispersed pituitary cells were cultured in 24-well culture plates (Falcon; Becton-Dickinson) at a density of 3 3 10 5 cells/well/ml. Cells were precultured for 3 days in L-15 medium containing 10% fetal bovine serum at 208C prior to treatments.
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Synthetic peptides corresponding to sea bass Kiss1-15 ([pGLU] DVSSYNLNSFGLRY-CONH2; GenBank accession no. FJ008914) and Kiss2-12 (NH2-SKFNFNPFGLRF-CONH2; GenBank accession no. FJ008915) were provided by GenScript, Inc.). Both peptides are amidated at the C termini, and Kiss1-15 contained a pyroglutamylated N terminus. These peptides were previously used for pharmacological analyses of sea bass Gpr54 receptors and found to possess biological activity under in vitro conditions [24] . LHRHa, testosterone, and 17b-estradiol were purchased from Sigma-Aldrich.
After 3 days of preincubation, peptide treatments were initiated by replacing the old medium with serum-free culture medium (0.5 ml/well) containing the corresponding hormones as described previously. To analyze the effect of sex steroids on Kiss1-15-or Kiss2-12-mediated gonadotropin release, cells were preincubated overnight in medium containing estradiol (50 nM) or testosterone (50 nM) or were left untreated (control cells). The next day, the old medium was replaced with fresh medium containing the treatment (a procedure schematic is shown in Supplemental Fig. S1 ; all Supplemental Data are available online at www.biolreprod.org). Following the corresponding incubation period, medium was collected and stored at À208C until hormone analysis, while dispersed pituitary cells were collected and stored at À808C until gene expression analysis was carried out. In addition, after 3 days of preincubation, some dispersed pituitary cells were collected and stored at À208C to determine basal levels of gonadotropin content in the pituitary cells. Each treatment was repeated twice in different pituitary cell preparations (four wells/treatment/experiment). Each preparation contained pituitaries isolated from numerous fish.
Hormone Analysis
Lh content in culture medium and dispersed pituitary cells were determined using a validated ELISA for sea bass [35] . The detection limit was 0.65 pg/ml, with intra-and interassay coefficients of variations of 11.7% (n ¼ 8) and 11% (n ¼ 10), respectively. Homologous ELISA [40] was used to measure Fsh. The sensitivity of the assay was 0.5 ng/ml, and the intra-and interassay coefficients of variation were 2.12% (n ¼ 10) and 5.44% (n ¼ 16), respectively.
RNA Extraction and cDNA Synthesis
Total RNA was isolated from cultured pituitary cells using TRIzol reagent, and its integrity was checked in an 0.8% agarose gel. Purity and concentration of the RNA was assessed by using spectrophotometry (NanoDrop 2000; Thermo Scientific). All RNAs were treated with RNase-free DNase I (Ambion, Inc.). For cDNA synthesis, 1 lg of RNA was reverse-transcribed with Superscript III reverse transcriptase (Life Technologies), using random hexamers in a 20-ll reaction volume according to the manufacturer's instructions. Complementary DNA samples obtained were stored at À208C until quantitative real-time PCR (qRT-PCR) analysis.
Quantitative Real-Time PCR
Quantitative assays were performed using either SYBR Green PCR Master Mix (Applied Biosystems) or Absolute qRT-PCR Mix (ABgene) for SYBR Green or TaqMan probe-based assays, respectively. For each 25 ll of qRT-PCR reaction, 1 ll of pituitary cDNA was added with the corresponding amount of primers and probe (Supplemental Table S2 ). Expression of the endogenous reference gene ef1a was analyzed according to the method described by Rocha et al. [41] and that of lhb and fshb by the method described by Felip et al. [42] . Thermocycling conditions for SYBR Green analyses were 958C hold temperature for 10 min, 40 repeats at 958C for 15 sec, followed by 608C for 1 min. Melting curve analysis was run for each gene, showing the specificity of qRT-PCR. For TaqMan probe-based assays, the thermocycling conditions were 958C hold temperature for 15 min, 40 repeats at 958C for 15 sec, followed by 608C for 1 min. All amplifications were performed using a Realplex2 Mastercycler (Eppendorf AG) with 96-well plates (Abgene), and data were analyzed using Realplex version 2.2 software. In order to quantify the transcripts, standard curves were prepared for each gene by 10-fold serial dilution of known concentrations of plasmids containing the transcripts. The endogenous gene ef1a was selected as a reference because satisfactory results have been previously obtained with this gene when using pituitary samples [26] . Expression of the target genes was normalized by dividing the target gene amount by the ef1a amount.
Statistics
All analyses were performed using SigmaStat version 3.5 statistical software (SYSTAT Software Inc.). Data are means 6 SEM. Gene expression and hormone levels were analyzed by one-way ANOVA followed by the Tukey test. Before analysis, data were checked for normality and values shown in Figures 1, 2B , 4B, 4C, 8A, 8B, and 8C were log-transformed to meet normality and homoscedasticity requirements. Statistical significance was established as a P value of 0.05.
RESULTS
Direct Effects of Kiss1-15 and Kiss2-12 on Gonadotropin Synthesis and Secretion
In order to determine relative expression levels of our genes of interest in the cultured pituitary cells, an initial screening analysis was performed by qRT-PCR after 3 days of preincubation. Our results show that gpr54-1b expression was significantly higher than that of the other kisspeptin receptor gpr54-2b (Fig. 1) . However, no significant differences were observed between kiss2 and gpr54-2b mRNA levels. Finally, it should be noted that kiss1 mRNA levels in the cultured pituitary cells of spermiating sea bass were below the detection limit.
To determine the direct effects of kisspeptins on gonadotropin release from the pituitary, a time-course experiment was performed, treating a primary culture of sea bass pituitary cells with a fixed dose (10 À6 M) of Kiss1-15 or Kiss2-12 for 2, 4, 6, 8, or 12 h (Fig. 2) . Treatment with Kiss1-15 had no significant effect on Lh ( Fig. 2A) or Fsh (Fig. 2B ) release for any of the incubation times. However, Kiss2-12 treatment showed a differential response for Lh and Fsh secretion. In the presence of Kiss2-12, a significant stimulatory effect on Lh release was observed between 6 and 8 h of incubation (2.39 times over control), returning to basal levels at 12 h (Fig. 2C) . Considering the total content of Lh inside the pituitary dispersed cells after 3 days of preincubation and before the treatments (data not shown), the percentage of Lh released into the medium by the control group at 8 h post stimulation was 8.49% of the total cell content, whereas in the Kiss2-12-treated group, it was 22.99%. On the other hand, the same concentration of this peptide induced a slight, yet significant, release of Fsh at 4 h post stimulation, returning to basal levels at 6 h (Fig. 2D) . In addition, the percentage of Fsh released into the medium by the control group at 4 h post stimulation was 1.60% of the total cell content of Fsh, whereas in the Kiss2-12 treated group, it was 2.22%.
The effect of graded doses (ranging from 10 À5 to 10 À8 M) of Kiss1-15 or Kiss2-12 on Fsh and Lh release was tested at 4 and 8 h of incubation, respectively, for each gonadotropin. Kiss1-15 treatment had no significant effect on Lh (Fig. 3A) or Fsh À6 M, and 10 À7 M (Fig. 3B) . Moreover, incubation with Kiss2-12 at concentrations of 10 À5 M, 10 À6 M, and 10 À7 M resulted in a significant stimulation of Fsh secretion at 4 h of incubation (Fig. 3D) In order to study the potential interactions between kisspeptins and Gnrh systems on gonadotropin release at the pituitary level, the effect of kisspeptin treatments (Kiss1-15 or Kiss2-12), alone (10 À6 M) and in combination with LHRHa (10 À10 M) was analyzed after 8 or 4 h of treatment for Lh or Fsh release, respectively (Fig. 4) . The LHRHa dose was selected according to a previous study [43] . As described above, a significant stimulatory effect was observed on Lh release in the presence of Kiss2-12, whereas the treatment with Kiss1-15 had no significant effect (Fig. 4A) . In addition, LHRHa elicited a significant increase in Lh release. The stimulatory effect of LHRHa on Lh release (2.39-fold over control) is significantly more potent than the effect of Kiss2-12 (1.52-fold over control). Interestingly, the combined administration of Kiss2-12 and LHRHa evoked a significant additive stimulation on Lh release (3.45-fold over control). As expected, Kiss1-15 administration did not induce this additive stimulation in combination with LHRHa.
Furthermore, the effect of kisspeptins and/or LHRHa stimulation on Fsh release after 4 h of treatment was determined (Fig. 4B) . In this case, LHRHa treatment had no significant effect on Fsh secretion, and its combined administration with Kiss1-15 or Kiss2-12 failed to result in any additional increase in Fsh release. As observed in the previous experiment, only Kiss2-12 administration evoked a slight, yet significant, stimulation of Fsh secretion (1.27-fold over control).
Effects of Sexual Steroids on Secretion of Gonadotropin in Response to Kiss1-15 or Kiss2-12
It has been well established that gonadal steroids regulate the production and release of Fsh and Lh, and that positive and negative feedback mechanisms operate directly on pituitary cells [44] . Therefore, the effect of 10 À6 M Kiss1-15 or Kiss2-12 on gonadotropin release was studied in cultured sea bass pituitary cells pretreated with sexual steroids and with no such pretreatment. Initially, we evaluated the influence of sexual ESPIGARES ET AL. PITUITARY Kiss2 AS GONADOTROPIC FUNCTION REGULATOR steroids on gonadotropin production. Accordingly, preincubation (16-20 h) with 50 nM estradiol or testosterone did not alter spontaneous Lh or Fsh release from cultured pituitary cells (Fig. 5) . In addition, the influence of sexual steroids on gonadotropin secretion stimulated by kisspeptins was also evaluated. Treatments with steroids and Kiss1-15 had no significant effect on Lh (Fig. 5A) or Fsh (Fig. 5B) secretion. Moreover, preincubation with steroids had no significant effect on the stimulation of Lh release by Kiss2-12, although a slight reduction in Lh secretion could be observed in both estradiol and testosterone pretreatments (Fig. 5C) . Conversely, the slight stimulatory effect of Kiss2-12 on Fsh release was completely inhibited in the presence of estradiol or testosterone (Fig. 5D) .
Characterization of Kiss2 Cells in the Pituitary
Since Kiss2 was the only kisspeptin that had an effect on gonadotropin release, the nature of the Kiss2-expresing cells in the pituitary of sea bass was studied. IHC using specific antiKiss2 antibody revealed a very large number of Kiss2 cells in the proximal pars distalis (PPD) of the pituitary gland of spermiating male sea bass. In order to identify the nature of these Kiss2 cells in relation to the gonadotrophs, a double IHC method using sea bass anti-Kiss2 antibody, together with validated antibodies against Lhb or Fshb, was performed. In animals with immature testis (stage I), this study failed to detect the Kiss2 neuropeptide in Fsh cells in the pituitary of animals at this gonadal stage (Fig. 6, A, B , and C, and scatter plot in Supplemental Fig. S2A) . However, the double immunofluorescence revealed that the Kiss2 neuropeptide is present inside the few existing Lhb-immunoreactive (ir) cells. Some Kiss2-ir cells were not stained with the anti-Lhb antibody, whereas most Lhb-ir cells are Kiss2-ir cells (Fig. 6 , D, E, and F, and scatter plot in Supplemental Fig. S2B) . Moreover, some Fshb-ir cells were slightly stained with the anti-Kiss2 antibody at the full spermiation stage, although most of the cells were not stained (Fig. 6 , G, H, and I, and scatter plot in Supplemental Fig. S2C ). The Kiss2 neuropeptide was also found inside the very abundant Lhb-ir cells at this gonadal stage (Fig. 6 , J, K, and L, and scatter plot in Supplemental Fig.  S2D ). Negative controls of the IHC experiments, in which the second primary antibodies (anti-Fshb or anti-Lhb) were omitted from the incubation on parallel sections, consistently yielded negative results (Supplemental Fig. S3, A and B) . Thus, it was demonstrated that the complexes, first-primary antibody-firstsecondary antibody and second-primary antibody-secondsecondary antibody selectively detect their specific antigen and that there is no cross-reaction between the second secondary antibody and the first-primary antibody-firstsecondary antibody complex.
Kiss2-and Gnrh1GAP-ir fibers were observed to strongly innervate the pituitary gland of sea bass. We show that Kiss2 axonal projections penetrate the neurohypophysis (NH) (Fig.  7A ), but these projections are usually located in different areas of the NH compared to the distribution of Gnrh1GAP-ir fibers (Fig. 7B) . On the other hand, Gnrh1 axon terminals are clearly spread throughout the PPD of the adenohypophysis (Fig. 7C) , directly innervating Kiss2 cells in this area (Fig. 7D) . 
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Moreover, some of Kiss2 projections reside side by side with the hypophysiotropic Gnrh1 projections (Fig. 7D, inset) .
Effects of LHRHa and Sexual Steroids on kiss2, gpr54-1b, and gpr54-2b mRNA Levels
To test whether the hormonal milieu of the pituitary cells could have an effect on gene expression of the kisspeptin system in this organ, sea bass pituitary cells were incubated with LHRHa, estradiol, or testosterone. We observed that LHRHa had a stimulatory effect on kiss2 expression after 4 and 8 h of incubation (Fig. 8A) with a 2.42-and 2 .99-fold increase, respectively, compared to that of controls. However, no significant variations were observed in the transcript levels of kiss2 after steroid treatments. In the same study, a significant increase in gpr54-1b and gpr54-2b mRNA levels was observed after stimulation with estradiol or testosterone, but not with LHRHa. In the case of gpr54-2b, the presence of estradiol stimulated its expression only after 8 h of incubation (Fig. 8B) , whereas testosterone induced a significant increase at 4 and 8 h post stimulation. On the other hand, a strong stimulatory effect of estradiol or testosterone on gpr54-1b mRNA levels was detected at 4 and 8 h post stimulation (Fig. 8C) . 
PITUITARY Kiss2 AS GONADOTROPIC FUNCTION REGULATOR
DISCUSSION
Several studies in fish have demonstrated a reproductive role of kisspeptin signaling in the brain [18] , but only recently have the potential physiological roles of the kisspeptins acting at the pituitary level been identified as a subject for potential study [30] [31] [32] . Here, we reveal that in the adenohypophysis of male sea bass, most Lhb gonadotrophs also produce Kiss2, and describe how this peptide acts on gonadotropin release in relation to other hormones that influence the pituitary.
An initial screening of the expression levels of the kisspeptin/grp54 system genes in cultured pituitary cells of spermiating sea bass showed substantial expression of the kisspeptin receptors gpr54-1b and gpr54-2b, which agrees with what has been described in whole sea bass pituitaries [26] . In particular, expression of gpr54-1b was significantly higher than that of all other components of this system, coinciding with results obtained by in situ hybridization [34] . In this regard, kiss1r mRNA expression was detected in goldfish gonadotrophs by RT-PCR coupled with laser capture microdissection [30] , suggesting that this system may be involved in the direct control of the gonadotropic function. On the other hand, only one kisspeptin ligand gene, kiss2, is expressed at detectable levels in cultured cells of spermiating male sea bass. These results are consistent with those for the whole sea bass pituitary, where the expression of kiss2 was found to be 100 times higher than that of kiss1 [26] . In contrast, another study was able to detect kiss1 mRNA in the PPD of sea bass pituitary by in situ hybridization [45] , which was undetectable by qRT-PCR in the present study. This fact could be due to the scattered character of such cells, which makes the kiss1 mRNA visible by in situ hybridization, but it is presumably under the detection limit of the qRT-PCR. However, in those fish with two kiss genes, the expression levels of kiss1 or kiss2 in the pituitary seem to depend on the species, as kiss2 mRNA levels were below the detection limit in the pituitary of male chub mackerel, whereas kiss1 was largely expressed [28] .
In the present work, we show that only Kiss2-12 was able to elicit stimulatory effects on gonadotropin secretion in cultured pituitary cells from spermiating sea bass, demonstrating that Kiss2 could be involved in the direct modulation of gonadotropin release during testis maturation and spermiogenesis in sea bass. Interestingly, the action of Kiss2-12 on Lh release was more effective and sustained than on Fsh release. In this regard, mRNA levels of both gonadotropin beta-subunits [46] and protein levels of gonadotropins (F. Espigares et al., unpublished data) in the pituitary have been found to be high during the period of full-spermiation in sea bass. Due to the high levels of both gonadotropins in the pituitary at this In this study, we have shown the stimulatory effects of Kiss2-12 on Lh and, to a lesser extent, on Fsh secretion in cultured pituitary cells of sea bass. These results are in line with those from systemic and central injections, which demonstrated the effectiveness of sea bass Kiss2, as opposed to Kiss1, in inducing gonadotropin secretion [21, 47] . Altogether, these results would lead us to believe that Kiss2, but not Kiss1, is an important neuroendocrine factor in the regulation of reproduction via the gonadotropic axis in European sea bass. However, our results suggest that the gonadotropin release observed in fish systemically injected with Kiss2 [21] could be due, at least in part, to a direct effect of this kisspeptin on gonadotrophs. On the contrary, studies in goldfish using an in vitro primary culture demonstrated that the goldfish Kiss1 decapeptide (gKiss1-10) can stimulate Lh release from pituitary cells [30, 31] . Consistent with these in vitro results, gKiss1-10 systemic administration in goldfish significantly increased plasma Lh levels, whereas gKiss2-10 failed to alter these hormone levels [29] . These data demonstrate that, in the case of goldfish, Kiss1, but not Kiss2, is the kisspeptin playing a role in the modulation of the gonadotropic axis.
Our qualitative IHC study provides the first description of the nature of Kiss2-immunopositive cells in the pituitary of a teleost fish. The first finding was the abundance of intensely stained Kiss2 cells in the PPD of the pituitary in male sea bass. These data are in line with those obtained in zebrafish, in which Kiss2-ir cells were observed in pituitary cells of an unknown nature [48] . Additionally, it has been established that the sea bass PPD is a site of high expression of the kisspeptin receptor gpr54-1b [34] . Double staining with specific antibodies against sea bass Fshb or Lhb demonstrated that Kiss2-ir cells from the PPD colocalize, mainly with Lhb-ir cells, in both immature and spermiating animals, while only some Fsh-ir cells are slightly stained with Kiss2 antibody in animals at the full spermiation stage, when both Fsh-ir and Lh-ir cells are much more abundant. The presence of Kiss2 in the gonadotrophs and the stimulatory effects of Kiss2-12 on gonadotropin release in cultured pituitary cells provide evidence that Kiss2 may act as a hypophyseal autocrine/paracrine hormone. In addition, a prominent Kiss2 innervation was detected in the NH at the level of the PPD. These data are in line with those of neuroanatomical studies carried out on sea bass [34] and striped bass [49] , in which a massive Kiss2 innervation is distributed throughout the NH and Kiss2 axonal projections are seen to innervate the gonadotrophs [49] . Therefore, in sea bass, Kiss2 also operates as a hypophysiotropic neuropeptide, influencing the function of the gonadotrophs. On the other hand, it is known that the Gnrh1GAP-ir fibers from the NH reach the PPD and the border of the pars intermedia (PI) of the sea bass pituitary [37] . However, we demonstrate that although Kiss2 axonal projections also penetrate the NH and reach the PPD, these projections are located in different areas of the NH as compared to the distribution of the Gnrh1GAP-ir fibers, suggesting that both axon terminals reach different regions of the PPD. These data suggest that Kiss2 would also be involved in the regulation of other pituitary functions, such as the somatotropic system, as has been reported in mammals [14, 17] . However, some Kiss2 projections reside side by side with the hypophysiotropic Gnrh1 projections, supporting the hypothesis that Kiss2 could act as hypophysiotropic neuropeptide involved in the control of gonadotropic activity [49] .
Gnrh1 represents the major hypophysiotropic form and neuroendocrine factor of gonadotropin secretion in some perciforms [49] [50] [51] [52] [53] [54] [55] . In order to study the possible relationship between these neuropeptides involved in gonadotropin release, we examined the interactions between both kisspeptins (Kiss1-15 and Kiss2-12) and the GnRH analog LHRHa on Lh and Fsh secretion. This GnRH analog was used because of its proven ability to induce Lh release from dispersed sea bass pituitary cells [43] . Our results demonstrated that the direct stimulatory effect of Kiss2-12 on Lh release in European sea bass is clearly below that of LHRHa. However, the action of Kiss2 on Lh secretion was additive to that of LHRHa, indicating that the direct effect of Kiss2 on Lh is independent of the Gnrh action in European sea bass. These findings are consistent with observations in other studies in fish [31] and mammals [14, PITUITARY Kiss2 AS GONADOTROPIC FUNCTION REGULATOR 17]. In this regard, cotreatment with gKiss1-10 and Gnrh3 increased Lh release from primary cultures of goldfish pituitary cells in column perfusion, and this response was significantly higher than those of either gKiss1-10 or Gnrh3 alone [31] . Surprisingly, we observed no effect of LHRHa on Fsh release from pituitary cells, despite the fact that, as shown in this study, these pituitary cells contained Fsh and only a small percentage (about 1%) was spontaneously released. This lack of Fsh release stimulation could be due to the low dose of LHRHa used for the experiments, or to the absence of any cellular response to LHRHa in these spermiating animals, when no Fsh secretion naturally occurs and its plasma levels are already low [40] . Pituitary content of gonadotropins and the hormonal environment of pituitary cells are factors that are related to the gonadal stage. Therefore, the stimulatory effects of kisspeptins on gonadotropin secretion may also be different, depending on the hormonal milieu of the cells. Our results show that the presence of sexual steroids (estradiol or testosterone) inhibited the stimulatory effect of Kiss2 on Fsh secretion from cultured sea bass pituitary cells. This would be in accordance with the inhibitory effects of steroids on the expression of sea bass fshb subunit observed in both pituitary cells cultured in vitro and animals treated in vivo [56, 57] . Gonadal steroids are known to regulate the synthesis and secretion of gonadotropins. Accordingly, gonadectomy during late stages of gonadal recrudescence increases Lh secretion in a large variety of teleost species, and this effect can be reversed by treatment with testosterone and/or estradiol [58] [59] [60] [61] [62] . However, a positive feedback from gonadal steroids has been demonstrated in fish at earlier stages of gonadal development, as is the case of the stimulatory effect of androgens on Lhb production and release in eels [63] . Indeed, steroid regulation in fish varies with the gonadal stage of development, and positive or negative feedback mechanisms may operate directly on the pituitary cells, depending on the stage of gonad maturation [44] . The opposite regulation by steroids, depending on the reproductive state, could also explain the difference between our results and those found in mammals, where treatments with estradiol or testosterone enhanced the sensitivity of gonadotrophs to the Lh-releasing activity of Kiss1-10 [17, 64] . However, the inhibition of Fsh release in the presence of estradiol has also been reported in mammals [64] , while in the fish pituitary, it has been demonstrated that estradiol directly inhibits fshb gene expression [57] .
We have demonstrated that pituitary kiss2 expression is upregulated by LHRHa but not by sex steroids. On the other hand, our results also show that Gnrh1 axon terminals spread in the PPD of the adenohypophysis and directly innervate Kiss2 cells. Therefore, another effect of Gnrh1 on gonadotropic activity could involve the upregulation of kiss2 transcription, thus supporting the suggested autocrine/paracrine action of Kiss2 on gonadotropin release. Furthermore, our data clearly show that expression of both of the sea bass kisspeptin receptors gpr54-1b and gpr54-2b was upregulated by the sex steroid milieu at the pituitary level. In line with these data, expression of pituitary Kiss1r increased during the Lh surge in ovariectomized rats treated with estradiol [65] . This regulation exerted by the sex steroids on kisspeptin receptors provides physiological evidence of the involvement of the pituitary kisspeptin system on reproductive function in sea bass, which would be regulated by the action of the sex steroids.
In summary, this is the first detailed description of the role of Kiss2 in the direct control of gonadotrophs in the pituitary of a teleost fish. Our results provide functional and neuroanatomical evidence that Kiss2 may act through two different pathways to directly modulate the function of gonadotrophs. Thus, besides acting as a hypophysiotropic neuropeptide, Kiss2 may act as an autocrine/paracrine factor, influencing gonadotropic activity.
